ABSTRACT. To better understand the chemistry involved in the lean-fuel combustion, the chemical structure of lean premixed propene-oxygen-nitrogen flames stabilized on a flat-flame burner at atmospheric pressure was determined experimentally. The species mole fraction profiles were also computed by the Premix code and three detailed reaction mechanisms. A very good agreement was observed for the main properties: reactants consumption, final products (CO2, H2O) and the main intermediates: CO and H2. Only a general agreement is also observed between predicted and measured mole fraction profiles for minor intermediates. Marked differences occurred in the prediction of active intermediate species present in small concentrations. Pathways analyses were performed to identify the origins of these discrepancies. It was shown that the same reactions were involved in the three mechanisms to describe the consumption of propene, but with marked differences in their importance. C2H5, C2H4, and C3H5 are the main species formed in the first step and their consumption increases the differences between the mechanisms either by the use of different kinetics data for common reactions or by differences in the nature of the consumption reactions.
INTRODUCTION
Lean premixed combustion has been considered as one of the promising solutions for fuel economy and the reduction of pollutants emission (CO, nitric oxides, and soot). Indeed, using lean premixed flames to produce energy in gas turbine is considered as an efficient way to reduce pollutants levels in exhaust gas. Soot and poly aromatic hydrocarbons (PAH) are not formed in lean flames. CO is formed as intermediate species but readily converted into CO 2 . A decrease in the maximum temperature and in concentration of CH 2 radicals limits NO X formation to very low levels. On the other hand, very lean flames are subjected to instabilities and eventually extinction with, as potential risk, the presence of partial oxygenated species, such as aldehydes, in the exhaust gas. A better knowledge of the combustion chemistry of fueloxygen mixtures is needed to overcome these limitations.
The main objective of this work was to determine the structures of lean flames, and on another hand, to control the ability of combustion mechanisms to correctly predict the chemistry of very lean flames.
The analysis of the structure of premixed laminar flames is well adapted for deriving experimental data representation of combustion conditions. This technique has been applied to the study of lean premixed flames of small hydrocarbons at sub-atmospheric [1] [2] [3] [4] [5] [6] [7] or atmospheric pressure [8] [9] [10] [11] .
However, to our knowledge, no systematic experimental investigation of the influence exerted by a progressive reduction of the equivalence ratio on the structure of lean premixed flames has been carried out in atmospheric-pressure flames.
As started by Warnatz [12] , large fuel molecules (i.e. components of gasoline, gas oil, kerosene) are decomposed very fast into small C 1 and C 2 fragments that are further oxidized in a reaction sequence that control kinetically the whole process.
Previous studies by our group on the lean premixed flames fed by small fuel molecules at atmospheric pressure were performed [13] [14] , and this work has focused on propene flames in order to complete these studies. All experiments were carried out under conditions similar to these previous studies.
Several groups have carried out both experimental and numerical studies to improve the knowledge of propene oxidation and pyrolysis . On the whole, these studies were carried out on rich propene flames, and less studies have been devoted to lean flames, because the interest for understanding of soot, NO X and PAH formation and/or suppression chemistry in combustion processes of the hydrocarbons. The understanding of propene oxidation is an important step in the development of chemical kinetic mechanisms for large hydrocarbon fuels. Propene is the main intermediate produced in the oxidation of many hydrocarbon fuels (octane, pentane, butane, and propane). The chemical kinetic sub-mechanism for the oxidation of propene is an important part of the overall kinetic mechanism for these fuels. With the development of premixed lean combustion to reduce pollutants production, unfortunately, no recent systematic data for the lean propene-oxygen flames are available in the literature. Therefore, there is a need for data obtained in lean atmospheric-pressure flames. In this work, the structures of lean propene-oxygen flames, diluted by nitrogen, was studied experimentally, with equivalence ratios (the fuel-to-oxygen ratio in the mixture to one in stoichiometric conditions) ranging from 0.83 to 0.48.
In addition to the experimental determination of species mole fraction profiles, the chemical structure of the flames was computed by a simulation code with three combustion mechanisms available in the literature, as input data [36] [37] [38] . A special care was taken into the examination of the relative importance of the various propene consumption pathways.
EXPERIMENTAL
Propene-oxygen-nitrogen flames were stabilized on a flat-flame burner at atmospheric pressure. The upper part of the burner was made of a brass disc with small holes (0.7 mm diameter) drilled on a 4.0 cm diameter circular area. A perforated plate was located 1 cm above the burner surface to reduce heat exchanges between the flame and the burner and move the flame downstream. Actually, this plate played its expected role and lean propene flames reported here were stabilized 2.5 cm above the burner surface. Table 1 lists the initial conditions for the four flames studied, in term of parameters needed for simulations with premix code. The N 2 /O 2 ratios were adjusted in order to improve the stability of the leanest flames or to maintain a minimum distance between the flame front and the burner surface for the richest flame ones. Gases samples were taken along the symmetry axis of the flame by a quartz microprobe, mounted on a micrometer stage for vertical adjustment of the probe position relative to the burner surface. The probe was constructed from a 0.5 cm diameter quartz tube drawn to a cone at the end. A hole (0.1 mm diameter) was drilled at the tip of this cone.
The following chemicals were used as reactants: C 3 H 6 (99.5%, with C 3 H 8 as impurities), O 2 (99.5%), N 2 (99.5%) were bough from Air Liquide Industries.
Gases samples were withdrawn from the flame through the probe and either directly injected into a gas chromatograph or stored in Pyrex sample flasks at a pressure limited to about 4 kPa to quench the chemical reactions with the hot tip of the probe.
Gases samples withdrawn from the flame were analysed either by gas chromatograph (GC) or by the Fourier transform infrared spectroscopy (FTIR). Species analysed by GC were CH 4 Two GC systems were used for the analyses. The first one (Hewlet Packard HP6890) was equipped with a thermal conductivity detector (TCD) and kitted out with two capillaries columns (Porous-Layer-Open-Tubular: Poraplot) connected in series. Hydrocarbon intermediate species and carbonyl compounds were separated on the Porapak column (packed colum with a porous material as a stationary phase) whereas the molecule sieve was used to separate permanent gases such as H 2 , O 2 , N 2 , CH 4 , and CO. Gases samples were flowing continuously trough the introduction loop at a pressure limited to 4 kPa. The combined effects of the use of a TDC and this low introduction pressure led to a detection limit of the order of 100ppm.
Because of their very short retention time on the Poraplot Q (a divinyl-benzene/styrene system as a stationary phase), the permanent gases entered rapidly into the molecule sieve which was isolated by a switch valve to ovoid its contamination by compounds such as CO 2 and H 2 O. When all intermediate species were eluted from the Porapak column, the molecular sieve column was put back in series and the permanent gases were analysed.
The second chromatograph operated with a flame ionization detector (FID) and was used for the separation of CH 4 and C 2 -C 3 intermediates on an Al 2 O 3 /KCl column. Prior to its injection into a column, the gas sample collected at about 2.0-2.7 kPa was compressed at 53.0 kPa by means of a special device [39] . This compression greatly enhances the detection limit which was estimated to be about 1 ppm.
Helium was used as carrier gas for all species analyses, except H 2 which was measured with nitrogen to enhance the detector sensitivity.
Species calibration was performed by using a gaseous mixture of known composition. The accuracy was estimated to be ± 5% for the permanent gases and C 1 and C 2 hydrocarbons, ± 10% for C 3 H 6 and ± 20% for CH 2 Temperature profiles were measured by using a Pt/Pt-10% Rh thermocouple made of 50-µm-diameter wires coated with a BeO-Y 2 O 3 deposit to reduce catalytic effects [40] . Radiation losses were corrected using the classical electrical compensation technique [41] . In a first series of experiments, the thin wires on each side of the bead were only 0.5 cm long and were soldered to thicker wires (0.5 mm diameter) maintained by a ceramic capillary [39] . However, even with this capillary installed, heat conduction from the thick wires led to the experimental temperature systematically shifted toward the burner with respect to the species mole fraction profiles. A new thermocouple was constructed with thin wires 4 cm long, tightened parallel to burner surface and connected to ticker wires on the sides of the burner. The temperature profiles measured in the four flames with this new thermocouple have been plotted on Figure 1 . Based on measurement reproducibility the accuracy was estimated to 5%. To improve the flames stability, changes in the ratio N 2 /O 2 limit the variation of the maximum temperature to less than 200 K when the equivalence ratio was decreased from 0.9 to 0.48.
Modelling
The lean flame structures were computed by using the Chemkin II [42] and Premix [43] codes. Three detailed combustion mechanisms currently available on Web sites have been used to compute the species mole fraction profiles.
UDEL [36] mechanism is based upon addition of reactions for C 3 to C 6 species to the GRImech mechanism [44] . It includes 70 species and 455 reactions.
The mechanism developed by Konnov [37] is more detailed. In its original version, it contains 127 species C x H y O z from C 0 to C 6 and nitrogenous intermediates. These species are involved in 1158 reversible reactions and 49 non-reversible reactions. In this work, the Nspecies subsystem was removed so that the number of species was reduced to 93 and the number of reactions to 730 reversible and 47 non-reversible.
The third mechanism has been developed by the Combustion Division of the Centre for Energy Research at the University of California (UCSD) [38] with the objective to describe phenomena relevant to flame conditions with the number of reactions and species kept to a minimum. The 2002 version (2002-1001) has been used in this work. It contains 39 species (up to C 3 ) involved in 179 reactions (167 reversible and 6 reactions with kinetic parameters given for the forward and reverse reactions).
The thermodynamic and transport data have been taken without any change from the respective Web sites.
Flames simulations were performed with the "BURN" option and experimental temperature profiles introduced as input data. They were also conducted with "FREE" option, however, as the Premix code was used, the experimental temperature profile was only an initial estimate and the final temperature profile was computed by solving the energy equation The latter procedure led to maximum temperatures only slightly higher than the measured ones, showing that due to the care taken to stabilize each flame with an overall flow rate close to the maximum value compatible with flame stability, the four flames were almost adiabatic.
RESULTS AND DISCUSSION
In both flames the temperature gradient and the burned gases temperature are very well reproduced by Konnov, UCSD, and UDEL mechanisms as shown in Figure 1 . With UDEL mechanism, the slope is smaller and profile is shift away from the burner surface in the leanest flame. The very good agreement observed for the maximum temperature shows that experimental heat losses were reduced to a minimum and the flames were stabilized in adiabatic conditions. The experimental profiles were shifted to take account the results of species measurements performed with the sampling probe and the thermocouple simultaneously present in the flame. These measurements showed that the probe did not influence the thermocouple signal when it was (the probe) not connected to the vacuum pump. As soon as the pressure in the probe was reduced, to reproduce the sampling conditions, a marked reduction in the thermocouple signal was observed. An increase in the distance separating the probe and the thermocouple resulted in a progressive increase in the thermocouple signal up to the "unperturbed" value, measured with the probe located very far from the thermocouple. This maximum "perturbation distance" decreased when the pressure maintained in the probe was increased. It was also smaller at low temperature upstream the flame front. In order to superimpose the temperature profiles with the species ones, a shift position (Z') was derived from the position of the sampling probe (Z) from the expression:
where T 0 temperature at the burner surface, T max maximum flame temperature and d maximum shift distance. The latter increased when the sampling pressure decreased and the following values were used: 0.02 mm (GC 1 ), 0.05 cm (GC 2 ) and 0.03 cm (FTIR).
Others [45] used a different approach to that end, using molecular beam mass spectrometry in order to measure the species concentration profiles, and, instead of Z', they computed T z , the local temperature In their investigations, the individual temperature profiles were superimposed with the mole fraction profile scale (Z) by comparison with the water mole fraction profile by using equation:
T max , T z , and T°, are the maximum, local and initial temperature, respectively and (XH2O) max and (XH2O) z , are the maximum and local mole fraction of water. The three mechanisms tested reproduce very well the consumption of reactants ( Figure 2 ) and formation of main products: CO 2 and H 2 O (Figure 3) . The down-stream shift noticed with UDEL mechanism for the temperature in the leanest flame leads to a similar shift in the species mole fraction profiles. CO and H 2 are the main intermediate species in these flames. In both flames, slight differences are observed in the modelling of CO and H 2 , as shown in Figure 4 . The computed profiles are in good agreement with the measured for CO (Figure 4) . The maximum mole fraction is slightly over predicted by the models but the evolution of this maximum value with the equivalence ratio is well reproduced. Konnov and UCSD mechanisms give very close profiles, in very good agreement with experimental data for H 2 and they slightly over-predict CO. For H 2 computed profiles are markedly smoother than the experimental ones. This difference is likely to result from the diffusion term in species conservation equation. Other intermediate species include small hydrocarbons: ethylene, acetylene, ethane, and methane ( Figures 5-7) . They are all consumed very fast so their mole fraction profiles have a strong negative gradients after the maximum. In the richest flame, the experimental profiles start with finite values at the burner surface showing that reaction quenching in the probe was not efficient enough. A general agreement is observed between predicted and measured mole fraction profiles Figure 6 shows that CH 4 is slightly over predicted in the Φ = 0.48 flame by Konnov mechanism and under predicted by the three mechanisms in the Ф = 0.83. For C 2 H 6 , in the Φ = 0.48 flame, Konnov mechanism over predicts whereas UDEL and UCSD mechanisms under predict, but in the Φ = 0.83 UDEL reproduces very well the maximum mole fraction. The modelling of C 2 H 2 exhibits marked differences between Konnov and the two others ( Figure 5 ). In the leanest flame, the former markedly over predicts the maximum mole fraction, whereas in the richest flame, it reproduces fairly well the experimental data. For C 2 H 4 mole fraction profile, Konnov mechanism over predicts in both flames and the two others mechanisms product similar profiles with maximum value fairly well reproduced. As potential pollutants eventually present in the exhaust practical devices using lean combustion, oxygenated intermediate species must be considered carefully. Ketene stability in the sampling line did not allow detecting these species in the chromatograms. Neither methanol nor acrolein could be detected, even in the leanest flame. These species should be analysed on the first gas chromatograph with detection limit estimated to 100 ppm, so that it can be concluded that the maximum mole fraction is smaller than this value for both species. (UDEL), and 8.6 × 10 -4 (UCSD) for methanol. Acrolein is involved only in the UDEL mechanism and its computed maximum mole fraction is 6.1 × 10 -5 . Formaldehyde and acetaldehyde were present in the four flames studied. For the former, the maximum mole fraction is under predicted by both mechanisms in the Ф = 0.48 flame, whereas Konnov and UCSD mechanisms over predict in the Φ = 0.83 flame by factors equal to 3.
Acetaldehyde is under predicted by Konnov and UDEL in the leanest flame, but, in the richest flame it is under predicted by UDEL, whereas Konnov reproduced fairly well the maximum mole fraction.
The comparisons between computed and measured profiles show that the three mechanisms reproduce very well the main properties of the leans flames: temperature, reactants consumption and main products formation. This comment can be extended to the evolution of the main intermediates: CO, and H 2 . However, we observe divergences between models and experimental data of these intermediates, especially, the minor intermediates than the reactants and products. These comparisons of intermediate species show that any mechanism is presently able to simulate correctly and perfectly the lean propene flame structure. On the other hand, the discrepancies observed for active intermediate species present in low concentration must be related to differences either in the nature of the main reaction pathways or in their relative importance.
To identify in each mechanism the main steps involved in the conversion of the fuel molecule into intermediate and final species, molar fluxes were calculated by integration of local reaction rates over the computation domain:
where R k (z) is local reaction rate of reaction k (mole.cm -3 .s -1 ).
To make easer the comparison of the relative importance of reaction pathways in flames with different equivalence ratios, a fractional carbon conversion flux, expressed as percent of the overall fuel carbon consumption flux was calculated:
where i nC is the number of carbon atoms in species, i, F ki is the molar flux of formation or consumption of species i in reaction k, F c,C3H6 is the overall molar consumption flux of propene computed as 6 3 , H C c
where, N r, c,C3H6 is the number of reactions involved in the fuel consumption. Figures 8-10 compare the main propene consumption route in the leanest (Ф = 0.48) flame simulated with the three reaction mechanisms. Arrows thicknesses in these curves are proportional to the fractional carbon conversion fluxes. Black arrows correspond to reactions involving non-oxygenated species, dotted arrows to reactions forming oxygenated species with more than one carbon atom, and grey arrows to reactions leading to C 1 oxygenated species, essentially CH 2 OH, CH 2 O, HCO, and CO 2 . This distinction between oxidation and pyrolysis reactions was expected to make more apparent eventual differences between the three mechanisms and, for each mechanism, the influence of the equivalence ratio. Only small variations are noticed in other flames and the main differences identified from these schemes are common to both flames. For clarity purpose, the consumption paths are split into three parts: (i) the first steps is the fuel consumption, (ii) and (iii) the consumption of the main intermediates formed in (i): ethyl, ethylene, allyl radical, respectively.
The consumption of propene leads either to C 3 intermediates by reaction with H forming the allyl radical or to C 2 species by addition of O or OH on the double bond followed by a rapid adduct decomposition into C 2 H 4 + CH 2 O or C 2 H 5 + CH 2 O and with H addition followed by decomposition into C 2 H 4 and CH 3 . The oxidation of propene can also proceed to oxygenated species with two carbon atoms in Konnov and UDEL mechanisms. The importance of the two main routes changes markedly from one mechanism to another. Differences in the rate constants in the mechanisms are responsible for these variations.
The allyl radical initiates a C 3 route that either progresses through successive hydrogen loss steps up to C 3 H 4 or leads rapidly through C 3 H 4 decomposition to C 2 H 4 , C 2 H 3 , C 2 H 2 in UDEL mechanisms. Ethyl radical leads essentially to C 2 H 4 and CH 3 by decomposition and formation of oxygenated species with two carbon atoms in Konnov mechanism, this reaction is markedly pronounced in UCSD mechanism. The consumption of C 2 H 4 involves C 2 H 3 and C 2 H 2 as intermediate species, but also through reaction with O leading to the formation of CH 3 and HCO. The oxidation of C 2 H 4 and C 2 H 3 can also proceed without decomposition and initiates the formation of oxygenated species with two carbon atoms in Konnov and mechanisms, 8% and 11%, respectively. On the other hand, the consumption of C 2 H 4 by H atom abstraction to C 2 H 3 is 19%, 7%, and 24% for UCSD, UDEL, and Konnov mechanisms, respectively. In the lean flames studied in this work, methyl radicals are consumed by reactions with O, HO 2 , and OH. The formers give rise to oxygenated species CH 2 O and CH 3 O, whereas the latter forms CH 2 radicals. As a result, the overall fuel carbon conversion through C 2 H 4 formation is closely similar with Konnov and UCSD mechanisms.
A more careful examination shows that differences are noticeable at various stages of the schemes. For very first steps of propene consumption, the Konnov, UCSD, and UDEL mechanisms predict that the formation of C 3 H 5 represents 29%, 27%, and 32%, respectively, in terms of conversion, whereas the formation of ethyl radical is 23%, 35%, and 8% for Konnov, UCSD, and UDEL, respectively.
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The similerties between Konnov and UCSD mechanisms is no longer sustained at the next step because the direct formation of CH 3 O radical (13%) from propene in Konnov mechanism. The fraction of ethylene molecule converted into C 2 H 3 or CH 2 HCO also changes markedly from one mechanism to another. Expressed as ratios P f,C3H3 /P f,CH2HCO the relative importance of the vinyl and vinoxy radical is: 3.7 (Konnov), 1.01 (UDEL), and 1.69 (UCSD). The vinyl radical consumption differs markedly with Konnov mechanism compare to the two others mechanisms. The formation of acetylene by H atom abstraction is dominant so that this specie contributes to the ethylene carbon atom conversion by 12%. Values obtained by the others mechanisms are considerably smaller: 3% (UDEL) and 4% (UCSD). However, as amongst the various consumption of the vinyl radical, the reaction with O 2 forms the vinoxy radicals; its contribution to the carbon conversion must be removed to C 2 H 3 and added to CH 2 HCO:
Other reaction relative to a consumption of vinyl radical is the formation of CH 2 O and HCO:
The relative importance of these two routes R 1 /R 2 is: 0.74 (UDEL), 1.88 (Konnov) , and 3.87 (UCSD). Other differences concern the formation paths of CH 2 CO and the role played by this radical in the formation of C 1 oxygenated species. In term of fuel carbon atom conversion, this latter corresponds to 7.5% (Konnov), 2.58% (UDEL), and 13.71 (UCSD). The direct formation of C 1 oxygenated species from propene is also markedly different. It represents: 24.3%, 3.9%, 12.72% fuel carbon atom conversion for the UCSD, UDEL, and Konnov mechanisms, respectively. Indeed, the formation of ketene is common to the three mechanisms but its contribution to the consumption of the vinoxy radical varies markedly. It is the unique vinoxy consumption path in UCSD mechanism by 30% in terms of the carbon atom conversion, it occurs dominantly in the UDEL mechanism whereas it is only a secondary path in Konnov mechanism where CH 3 CO is the main intermediate.
To simplify the reaction path schemes, species with the same number of carbon atoms were grouped into classes, with a distinction made between oxygenated and non-oxygenated species so that the classes included C 3 , C 3 O, C 2 , C 2 O, C 1 , and C 1 O. Overall percentage fuel carbon conversions were computed by summing the contributions of individual reactions converting species of one class into another class. Skeleton graphs so obtained have been drawn in Figures  11 and 12 with black arrows for reactions that do not involve oxygen addition to hydrocarbons and grey arrows for oxidation reactions. Except for the direct formation of C 3 O species from C 3 species with the former, the UCSD and Konnov mechanisms exhibit closely similar synthetic reaction paths. Expressed in term of percentage fuel carbon atom conversion, the formation of C 2 , C 1 , and C 1 O species contributes: 38.02%, 1.15%, and 16.04% to the conversion of C 3 species with Konnov mechanism and 64.14%, 3.66%, 32.3% with UCSD mechanism. The consumption of C 2 species occurs essentially through oxidation leading to C 2 O species. Marked differences are observed with UDEL mechanism.
The direct formation of C 2 O species contributes significantly to the consumption of C 3 species (20.82%) in addition to C 2 (41.7%) and C 1 (20.32%) routes and a very minor C 1 O (10.68%) route. Another difference concerns the consumption of C 2 species that leads predominantly to the formation of C 1 O.
CONCLUSIONS
The structure of lean, premixed propene-oxygen-nitrogen stabilized at atmospheric pressure was studied both experimentally and numerically. Three mechanisms were used for the simulations. Data obtained were used to check ability of three detailed mechanisms to correctly predict the temperature and species mole fraction profiles. Despite large differences in their number of species and reactions, the very good agreement observed for the reactants consumption and the final products formation constitutes a minimum requisite since in very lean flames CO 2 and H 2 O are the only final products corresponding to the complete conversion of C and H, respectively. On the other hand, differences between the mechanisms were observed when the prediction of the mole fraction profiles of the active intermediate species was considered.
Pathways analyses helped identifying the main causes of these differences. It shows that the fuel consumption routes are essentially similar with the three mechanisms. However, a more detailed examination exhibits some differences in the relative importance of C 3 , C 2 , and C 1 channels in the role played by C 2 O species. C 2 H 5 , C 2 H 4 , and C 3 H 5 are the main species formed in the first step and their consumption increases the differences between the mechanisms either by the use of different kinetic data for common reactions or by differences in the nature of the consumption reactions.
